We studied the brightness induced from complex non-figural achromatic surrounds. A spatially uniform test field was surrounded by a random texture composed of two sets of dots. The luminance of each set of dots was modulated sinusoidally at 0.5 Hz. The mean luminance, phase and amplitude of modulation of each set were controlled independently so as to modulate the luminance and/or the contrast of the surround. Brightness induction was measured by a modulation nulling technique. The results were fit by a model in which the total brightness induced by a surround is equal to a weighted spatial summation of the induced effects from each point in the surround. The model incorporates local luminance gain controls in the test and surround fields and assumes that the magnitude of induction from each surround element is gain controlled by the difference between the mean luminance of the test and the individual surround elements.
INTRODUCTION
The perceived brightness of a spatially uniform achromatic test field of constant luminance can be increased or decreased in a straightforward manner by respectively decreasing or increasing the luminance of the area surrounding the test: classical brightness induction (Chevreul, 1839) . If the luminance of the surround is modulated sinusoidally in time at a moderate frequency (around 1 Hz), the perceived brightness of the test modulates in opposite phase, and the induced effect can be measured by nulling with real luminance modulation inside the test field (Krauskopf et al., 1986; Zaidi et al., 1991) , or by asymmetric matching (De Valois et al., 1986) . In the case of spatially uniform surrounds,within the luminance range provided by CRT monitors, the inducing and nulling modulations are related in a linear fashion (Krauskopf et al., 1986) .
When the surround is not spatiallyuniform, brightness induction can be more complicated. Some studies have shown that a spatially uniform surround and a spatially complex surroundof the same space-averagedluminance have identical inducing effects on a central test (Valberg & Lange-Malecki, 1990 ).Zaidi et al. (1992) and Zaidi & Zipser (1993) concentrically varying spatial sinusoids. Experiments using individual and combined basis surrounds showed that brightnessinductioncan be characterized as a linear spatial integrationprocess in which the effects of parts of the surround at different distances from the test are weighted by a negative exponential as a function of distance from the test. Their data are consistentwith the assumptionthat the total inducedeffect of the surroundis simply the sum of the induced effects of individual surroundingpoints.
A number of other studies, however, have demonstrated failures of additivity of surround effects in brightness induction. In these studies, more complex attributes such as shape, transparency,or depth could be inferred in some of the stimuli used, and it is not clear whether the observed failures of additivity are due to spatial variations per se or to some higher cognitive mechanisms (e.g. Judd, 1966; Gilchrist, 1980; Zaidi, 1990; Adelson, 1990; Spehar et al., 1995) .There are also a few studies that used spatially variegated but nonfigural surrounds and reported inducing effects that are more complex than could be explained by spatial additivity (Brown & MacLeod, 1991; Schirillo & Shevell, 1993) . Zaidi et al. (1992) and Zaidi & Zipser (1993) had tried to isolate the properties of lateral combination processes by keeping the time and spaceaveraged mean luminance of all points in the stimulus equal. In the series of studieswhich exhibiteda failure of additivitythis was not true, thus making it imperative to explicitly consider spatially local and extended adaptation mechanisms.
The purpose of this study was to generate a general model for brightnessinductionfrom suchvariegated nonfigural surrounds,to identify the conditionsunder which the induced effect can be described as spatially additive, and to delineate the processes that lead to failures .of additivity.We present the resultsof four experimentsthat require progressivelymore complex qualitativeexplanations. We then present a quantitativemodel that accounts for these results.
EXPERIMENT1. SPATIALADDITIVITYOF INDUCED EFFECTS FOR SURROUNDSAND TESTS AT EQUAL MEAN LUMINANCE
The purpose of this experimentwas to extend the tests for spatialadditivitydoneby Zaidi et al. (1992) and Zaidi & Zipser (1993) . Zaidi et al. (1992) had shown linear spatial summation of brightness induction for surrounds consisting of concentric circles of uniform luminance which varied sinusoidallywith increasing distance from the test. Using radiallyvarying surrounds, Zaidi & Zipser (1993) extendedthis result to the case of radiallyvarying surrounds, where the test was surrounded by areas varying in luminance,but only examined the case where the total induced effect was zero.
In Experiment 1 we used stimuli similar to Fig. 1 , in which a foveally fixated spatially uniform disk was surrounded by an annulus filled with binary random texture, composed of equal numbers of two sets of Modulation Amplitude of Set 1 (-)
The luminance modulationof each set of the surroundelements in Experiment 1. The luminance of both sets of texture elements was modulatedsinusoidallyat 0.5 Hz. The luminancemodulationof one set was set at an amplitudeof O,0.2, 0.4,0.6,0.8 or LO,paired with a modulationamplitudeof the other set at 1.0,0.5,0, -0.5, -1.0, where a negative sign denotes modulationin the opposite phase.
randomly intermixed, equal sized, square elements. The luminance of each set of elements was modulated sinusoidally in time. The mean level, amplitude and phase of temporal modulation were independently controlled for each set. Temporal modulation of the luminance of the surround resulted in an induced modulation of the brightness of the test. The induced modulation was nulled by adding real luminance modulation inside the test field, and the amplitude of the nulling modulation was used as the measure of the induced effect. In Experiment 1, the test and both surroundsets had the same time-.averagedmean luminance. We aimed to test whether the total induced effect was simply a sum of the effects induced by the modulationof each set separately, by varying the modulations of each of the sets independentlyover a wide range.
Methods
Stimulus parameters. The test was a spatially uniform achromatic disk (CIE chromaticity coordinates: X = 0.311, Y= 0.335) with a diameter subtending a visual angle of 1 deg, surrounded by a 9.5 deg annulus filled with achromaticrandom texture composedof two sets of elements. Each element was a square, 6 pixels wide on each side (equal to a visual angle of 0.1 deg). CRT monitors exhibit high spatial frequency non-linearities for small element sizes. The size of the elements was chosen to avoid these nonlinearities. There were approximately equal numbers of elements of the two sets along each concentric circle and radius of the surround.The time-averageluminanceof all the pointsin the test and the surround was 25 cd/m2. The circular surround was enclosed within an achromatic, spatially uniform, steady, 10.67 x 10 deg rectangle whose mean luminancewas also 25 cd/m2.
For convenience,we normalized all luminancevalues by dividingby the screen mean luminancelevel, yielding a relative luminance scale ranging from O (dark) to 2 (maximum screen luminance of 50 cd/m2). In all experiments, the amplitude of modulation was defined as L~aX-L~ean.
In Experiment1 we measuredthe total inductionon the test when the luminance of both sets of texture elements was modulated sinusoidally at 0.5 Hz. The luminance modulationamplitudesof one set were 0.0, 0.2, 0.4, 0.6, 0.8 or 1.0,paired with modulationamplitudesof the other set of 1.0, 0.5, 0.0, -0.5, -1.0, where a positive or negative amplitude denotes modulation in phase or 180 deg out of phasewith the paired modulation.One cycle of each of these combinationsof luminancemodulationsare shown schematicallyin Fig. 2 . Measurement procedure. A 2AFC modificationof the modulation nulling technique discussedby Krauskopfet al. (1986) and Zaidi et al. (1991, 1992) , was used to measure the amount of induction within the central test. When the surround components were modulated at 0.5 Hz, a perceived modulation was induced in the test. To null the inducedmodulation,a real modulationwas added to the test. During each trial, the observer fixated on the center of the test.
For each conditionwe initializedtwo 2AFC staircases, one above and one below the approximatenull, found by allowing the observer to freely adjust the nulling modulation to minimize the perceived modulation in the test. Different tones were presented in coincidence with the positive and negative peaks of each sinusoidal cycle. The observer's task was to compare the test appearancesat the two tones, and to respond whether the brightness of the test at the second tone was lighter or darker than its appearanceat the firsttone by pressingthe appropriate buttons. From this response it was determined whether the nulling modulation was stronger or weaker than the induced modulation. When the observer's response indicated that the nulling modulation was stronger (or weaker) than the induced modulation, nulling modulationwas reduced (or increased)by a fixed step of 12%. A turn in the staircase occurred when the observer'sresponseindicatedthat the nullingmodulation had changed from weaker to stronger than the nulling modulation (or vice versa). Each of these turns is a measurement of the observer's required nulling modulation, and the staircasescontinueduntil 10 such turns had been accumulated. To ensure the reliability of the measurements,we extracted several statistics. By examining the standard deviation we confirmed that each staircase converged; and by examining the t-test for the means, and F-ratio for the variancesof the two staircases, we confirmed that they converged on the same value, despitehaving been initializedat differentpoints. During each session the observer was presented with randomly interleaved conditions to ensure that no adaptation to a particular surround modulationwould occur.
Equipment and stimulus generation. Stimuli were displayedon the screen of a BARCO 7651 color monitor with a refresh rate of 100 non-interlaced frames/see. Images were generated using a Cambridge Research Systems Video Stimulus Generator (CRS VSG2/2), running in a 90 MHz Pentium based system. The VSG2/2, through the use of 12-bit DACS, is able to generate 2861 linear gray levels after gamma correction. By cycling though pre-computed look up tables (LUT) we were able to update the entire display each frame. All stimulus presentation, data collection, and the 2AFC staircase procedure were completely computer controlled.
Observers. One of the authors (BS) and another psychophysicallyexperienced observer (JS) participated in all experiments. Both observers were corrected to normal for refractive errors.
Results
The main purpose of this experiment was to describe the function that relates the magnitude of induced modulation in the test to the amplitudes of modulation of the two sets of surround elements. The results are shown in Fig. 3 . The amplitude of nulling modulation is plotted as a function of the amplitude of the modulation of one set with the amplitude of modulationof the other set as a curve parameter. For each modulation level of one set, the magnitudeof nulling modulationwas a linear function of the amplitude of the paired set. In addition, the five curves for each observer are parallel and equally spaced, indicating that the amplitude of nulling modulation is a linear function of the amplitude of each of the surround sets.
Simple additivity of the induced effects from the surround is also easily verified in Fig. 4 . where the magnitude of the nulling modulation is shown as a function of the average modulation amplitude of the luminance of the two surround components. The best fitting line is shown for each observer. The R2S were 0.994 and 0.993 for JS and BS, respectively, and the slopes were 0.874 and 0.766.
The data for each observerin Fig. 3 were fittedwith the parallel lines given by the equation:
where m. is a constant for each observer equal to the slope estimated in Fig. 4 , and Al and A2 are the modulation amplitudes of the two surround sets. The straightlines derived from equation (1) provide a good fit to all the slopes and spacing of the data in Fig. 3 .
In Experiment 1, the method of independently controlled luminance of the two surround components leads to a variation of the space-averagedluminanceand contrast in the surround. These results unambiguously support a spatial summation model over more general conditionsthan those examinedby Zaidi et al. (1992) and Zaidi & Zipser (1993) .
EXPERIMENT2. SPATIALADDITIVITYOF INDUCED EFFECTS FOR SURROUNDSAND TESTS AT DIFFERENTMEAN LUMINANCE
By using stimuli in which all points in the test and the surround have the same time and space-averaged mean luminancelevel, the resultsof both Zaidi et al. (1992) and of Experiment 1 isolate lateral effects from other factors like variations in local adaptation level. Some of the claims for the failure of additivityhave been made on the basis of experiments where the test and the complex surround were at different mean luminance levels. In Experiment2 our purposewas to test spatial additivityof the inducing effects when the mean luminance level of the test differs from that of the surround.
The same equipment,surroundstimuli and procedures were used as in Experiment 1. The time-averaged luminance of the surround was 25 cd/m2, the timeaveraged luminance of the test disk was set at either 0.5 or 1.5 times this value. Expressed in the relative luminance scale, the surround mean was 1.0 whereas the test values were 0.5 and 1.5.
Results
Figures 5 and 6 show the results of two observers for the conditionsin which the time-averagedtest luminance level was 0.5 and 1.5, respectively. The amplitude of nulling modulation is plotted as a function of the magnitude of the modulation of one set of the surround components, with the amplitude of modulation of the other set as a curve parameter. The results show that the magnitude of nulling modulation is a linear function of the modulationlevel of the surroundcomponentsfor tests at both luminance levels.
A comparisonbetween Figures 5 and 6 shows that the amount of required nulling modulation increases as the mean luminance of the test increases. This is clearly reflected in the slopes of the best fitting lines in Fig. 7 , where the magnitudeof the nulling modulationis shown as a function of the average modulationamplitudeof the two surround sets for each of the test mean levels. The slope of the linear relation increases with the mean luminance level of the test. The slopes for the tests of mean luminancelevels of 0.5, or 1.5 are 0.406 and 0.919, respectively, for observer JS, and 0.465 and 0.890 for observer BS. R2S were 0.993 and 0.996 for observer JS and 0.995 and 0.998 for observerBS. Resultsobtained in Experiment 1 (Fig. 4) can also be included in this comparison: the slope for the test of mean luminance level of 1.0 was 0.874 for observer JS and 0.766 for observer BS.
Figures 5 and 6 show the straight lines derived from equation (1) mean luminanceof the field. Craik (1938) conceptualized this fact in terms of a gain factor for the test modulation, set by the test mean luminance. In Experiments 1 and 2, even if the brightness induced from the surround were independentof the luminancelevel of the test, because of the gain set by the mean luminanceof the test, the amount of real modulationneeded to null the inducedmodulation should increase as a function of the test mean. The results of these experiments imply that local adaptation mechanisms in the test field should be incorporated into a general model of brightness induction.
EXPERIMENT3. BRIGHTNESSINDUCTIONFROM CONTRASTMODULATEDSURROUNDSWITH CONSTANT SPACE-AVERAGEDLUMINANCE
The results of Experiments 1 and 2 are consistentwith additivity of the induced effects, resulting from timevarying changes in surroundluminance.If the luminance of the surround set is modulated so that the spatially summed luminance along all circles concentric with the test, is constant at all instants of time, while only the spatial contrast between the two sets is varied, the spatial additivity model predicts zero brightness induction. However, some studies that compared the effects of textured or checkerboardsurroundsto uniform surrounds of the same mean luminance at different levels of spatial contrast, have suggested that the space-average luminance of a non-uniform surround is not sufficient to predict the perceived brightnessof a test patch (Brown& MacLeod, 1991; Schirillo & Shevell, 1993) .
In Experiment3 we used the same spatialconfiguration as Experiments 1 and 2 to examine whether modulation in spatial contrast of the surround could produce brightness induction in the test. This was achieved by modulating the luminance of the two surround components sinusoidally at 0.5 Hz, with equal amplitudes, in oppositephase, around different mean luminance levels, as depicted in Fig. 8 .
At every time t, the Michelson contrast within the surround was defined as:
.Two different contrast modulation amplitudes were examined: 0.5 where the contrast of the surround varied sinusoidally in time from 0.25 to 0.75, and 1.0 where the contrast of the surroundvaried sinusoidallyin time from Oto 1. The space-averagedmean luminanceof the surroundwas 1.0 (25 cd/m2).Three mean luminance levels of the test were used: 0.5, 1.0, and 1.5 (12.5, 25, and 37.5 cd/m2,respectively).
Results
Data for the two observers are shown in Fig. 9 . The magnitudeof nulling modulationis plotted as a function of the amplitudeof contrastmodulation.The three sets of symbols in each graph represent the data for the tests at the three different mean luminance levels. The symbols are connectedby lines, extrapolatedto the zero point, for the purpose of graphical clarity. The data of the two observers are similar. Contrast modulation of the surround does not produce any significant brightness induction for tests at the same mean luminance level as the surround (middle points). For tests at the other two mean luminance levels, the magnitude of the nulling modulation increases with the amplitude of the contrast modulation. The amplitude of nulling modulation required is small, but significantlygreater than zero at both levels of contrastmodulation(P< 0.01). The results for test luminance levels at 0.5 and 1.5 show nulling modulation of approximately equal amplitude but opposite sign. The brightness induced into the test at mean luminance 0.5, was in the same phase as the contrast modulationof the surround,whereas the brightness inducedinto the test at 1.5was in the oppositephase. Phenomenally, this can be described in the following way: the test at mean luminanceof 0.5 appears lighter on the higher contrast surround and darker on the lower contrast surround; the opposite happens for the test at mean luminance of 0.5.
The change in sign of the required nulling modulation as a function of test mean level, indicatesthat brightness inductionis not a function of contrast modulationper se, and the results are better understood if the inducing effects of the two sets of surround elements are considered separately. A positive sign indicates that the nulling modulation was in the same phase as the modulation of the surround set with the higher mean luminance level in Fig. 8 , and a negative sign indicates that the nulling modulationwas in phase with a surround set of the lower mean luminance.The surroundset whose mean luminance is closer to the mean level of the test seems to have a greater inducingeffect. Mathematically, this is equivalent to the induced modulation being gain controlled by a decreasing function of the difference between the mean luminancelevel of the test and each set of the surroundelements. In the case where the test level is equidistant from the mean levels of the two surround sets, the induced effects cancel out and there is roughly zero induced modulation. More generally these results suggest that the magnitude of the differencebetween the luminancelevel of the test and the mean luminance level of each surround element should be considered in modeling the total induced effect from complex surrounds. We therefore postulate that there are pair-wise lateral connections between points in the test and the surround, and that the magnitude of the induction signal between them is a decreasing function of the mean luminance difference between them. To be consistentwith the linear results of Experiments 1 and 2, the summation of induced effects has to occur posterior to this spatially extended gain control.
EXPERIMENT4. INDUCEDEFFECTS FROM SPATIALLYUNIFORM SURROUNDSAND TESTS AT DIFFERENT MEAN LUMINANCELEVELS
In Experiments 1-3 we have shown the necessity of incorporating local and extended gain controls in induction models. If local gain controls function in the test field under these conditions,it is probable that they should also be active in the surroundfield.This would be revealed by measuring induction from surrounds at various mean levels. We did this in Experiment 4. In addition we tested whether spatially uniform surrounds had qualitatively different brightness induction effects than textured surrounds, or whether they shared similar mechanisms.
In Experiment 4 we used spatially uniform center and surround stimuli of the same size as in the earlier experiments. Three levels of the surround mean luminance (12.5, 25 and 37.5 cd/m2)represented as 0.5, 1.0, and 1.5 were paired with three levels of the test mean luminance (also at 0.5, 1.0, and 1.5) for a total of nine conditions. In all conditions, the luminance of the surround was modulated sinusoidally in time at 0.5 Hz with an amplitude of 0.5. The best nulling modulation was estimated using the same 2AFC staircase procedure as Experiments 1-3.
Based on the results of Experiments 1-3,we expected that the magnitude of the induced effect would vary as a function of the difference between the test and surround mean luminance levels, i.e., when the surround and the test have the same mean luminance levels, the induced effect should be higher than when they are at different levels.In addition,we expectedthat as the surroundmean level increases, the same inducing amplitude should produce less induction, through a mechanism similar to the one that causes the real nullingmodulationto become less effective as the test mean level increases.
Results
Results for the two observers are plotted in Fig. 10 . The magnitude of nulling modulation is plotted as a function of the surround mean luminance level with test luminance level as a curve parameter. For all three test levels, the magnitude of the nulling modulation was the highest when the surround modulation was at the same mean luminance as the test. The magnitude of the nulling modulation decreased monotonically as a function of the difference between the test and the surround mean luminance levels. When the mean luminance levels of the test and the surround were equal (i.e., the data points indicated by solid symbols) the magnitude of nulling modulation was approximately constant, indicating that the local gain control set by the surround mean luminance roughly balances the effect of the gain set by the test mean. The effect of the gain set by the test mean luminance is clearly evident in data for the surround luminance level of 1.0 (the three points in the middle of the abscissa), where the nulling modulation required for the test of the lowest luminance level is considerably lower than for the tests of higher luminance levels.
BRIGHTNESSINDUCTIONMODEL
Zaidi et al. (1992) introduced a model of brightness induction in which total induction was the result of a spatially weighted summation of the individual induced effects from each point in the surround.This model was designed for the case in which the time-averaged mean luminance of each point in the test and in the surround was identical.To account for the results of this paper, we have generalized this model so that the induced effect from each point in the surround is proportional to its luminance attenuated by two gain controls and a spatial weighting function: 
~f~W(S). rD(f2, s). r,(n, S).L(Q, s,t)dsdo
We assume that the response of the visual system to a luminance signal at every point is gain controlled by a factor which dependssolely on the mean luminancelevel at that point. Such local adaptation mechanisms exist early in the visual system (Shapley & Enroth-Cugell, 1985) . Following tradition, we use hyperbolic gain control functions in our model. For each point in the surround,we calculate its gain factor by:
where the parameter y is a constantfor each observer.By incorporating this gain control, the induction model is able to predict that surround modulation about a low mean luminance level generates more induction than modulationof the same amplitude about a higher level.
We allow for the possibility that the local gain factor for the centered test field could be different from the surroundgain. We calculatethe factor, r., for the test by:
where JL(O, O,t)dt is the time-averagedluminanceof the center of the test and y. is a constant parameter for each observer.
The experimental results show that induced modulation depends on the pair-wise differences between the mean levels of the test and individual surround points. We modeled this by attenuatingthe induction from each point by a gain factor set by the absolute difference between the time-averaged luminance at that point and the time-averaged luminance of the test: rD(f2, s) = where the parameter~Dis constant for each observer.
In the model presented by Zaidi et al. (1992) , because the test mean was the same for all conditions, it was sufficientto assumethat a real modulationin the test field would null the induced modulation when it was of an equal amplitudeand in the oppositephase. For conditions that include different mean levels, the local adaptation mechanism operating on the test field will influencethe effectivenessof the added nullingmodulation.Therefore, the true null will be achieved when the real modulation, after being gain controlledby the test mean level, is equal and opposite to the induced modulation:
where N(t) is the luminance modulation required to counteract the induction at time t. Thus the complete expression for the null is:
N(t) = I 2TJ~w(~). rD(QS).r.(n,~) .qQ, S,t)dSdQ .
2T (8) For the spatial and temporal configurationused in the current experiments,the general model can be simplified. Because the spatial compositionof the binary texture in the surroundwas a random distribution,it is sufficientto considerthe effects of identical numbers and distribution of the two sets of surround elements, instead of consideringeach surroundpoint individually.Therefore, instead of determining an observer's spatial weighting fi,mction, it is sufficientto estimateits aggregateeffect on each of the two types of surround elements. In addition, the integralsin equation (8) can be replacedby the sum of the independenteffects of the two surround sets. Further simplificationcan be achieved because of the nature of the temporal modulation. The luminance of the two surround components were always modulated sinusoidally with the same frequency, either in phase or in the opposite phase, the model predicts that the induced modulation should also be sinusoidal with the same frequency and in the opposite phase with either one or both of the surround components. Therefore, for these conditions, it is sufficient to describe the inducing and nulling stimuli by just their signed amplitudes of modulation instead of considering instants of the modulatingwaveform.
As a result, for all conditions in the present study, equation (8) 
where w incorporatesthe effect of the integrated spatial weighting function over the surround;Ai is the signed amplitudeof luminancemodulationof the ith component, and 17~j and 17~i are the gain controls that apply to the set i. This simplifiedmodelhas only four free parameters:y~, yDand yc, the three gain control constants, and w which scales the amplitude of induction for each observer. The entire set of an observer's data was fit with equation (9) The four parameters of the model were optimizedto simultaneouslyfit all the data for each observer. Estimated parameters: w, scaling parameter; ys, local surround gain; y~, spatially extended surround-testdifference gain; y=,local t@ gain.
neous fits of this model to the data from Experiments 1-4 are shown in Fig. 11 for observerJS and in Fig. 12 for BS. The values of the estimated parameters are presented in Table 1 . Figures 11 and 12 show that the model'spredictionsfit the data for both observersextremelywell. The fit to data from Experiments 1 and 2 shows that at all fixed mean levels of test and surround, the model predicts a linear relationshipbetween the amplitude of the modulationof the surround components and the nulling amplitude. It also accounts for the changes in the nulling modulation amplitude due to variations in the mean luminance level of the test.
The fit to the results of Experiment 3 is reasonably induction from changes in the spatial contrast of the surroundwhen the test mean luminance level is equal to the surround. The relative amplitude and phase of brightness induction for tests whose mean luminance levels were higher or lower than the surroundmean were also predicted by the model. However, the magnitude of brightness induction is somewhat underestimated for both observers. The model's fits to the brightness induction data for different luminance levels of the uniform surround and test (Experiment4), are also quite good. For all three test levels the model correctly predicts that the nulling modulation should have the greatest magnitude when the surround and text are at the same mean luminance. The model also predicts the monotonic decrease in the magnitude of the nulling modulation as the difference between the test and the surround mean luminance level increases.
It should be pointed out that the model can fit the data from each experiment almost perfectly if the parameters are estimatedfromjust that set of data. We have required the model to simultaneouslyfit data that was collected over a 6 month period, with just a single set of parameters. We have also not tried to optimize the form of the gain control function by adding extra parameters.
The quantitativedetails of the model are not as important as the qualitative nature of the processes revealed by fitting the model to this set of data.
DISCUSSION
The results of the present study show that if local and spatially extended adaptation mechanisms are incorporated into a general model, brightness induction can be characterized as a linear summation of the induced effects of elements of complex surrounds. The present model incorporates separate local luminance gain controls in the test and the surround, and assumes that the magnitude of induction is gain controlled by the luminance difference between the test and each surround element. The fits of the model suggest that there are no fundamental differences between the mechanisms involved in brightness induced by complex or uniform surrounds.
There is a large amount of psychophysical and physiological evidence for the spatially local gain controls we have used (Chen et al., 1987; Shapley & Enroth-Cugell, 1985) . These adaptation mechanisms occur relatively early in the visual system. The novel suggestion in this model is the pair-wise spatially extended gain control on lateral interactions. Because the spatial weighting function for brightness induction falls off steeply as a function of distance from the test ' (Zaidi et al., 1992) , these pair-wise connections only have to straddlefairly short distancesin retinalor cortical coordinates.
An alternative to this spatially extended gain control could be a static compressivenon-linearityon these pairwise connections.However, the predictionsfrom a static non-linearity depart significantlyfrom the straight lines required to fit the data from Experiments 1 and 2. The pair-wise gain control also makes different predictions than a pair-wise static non-linearityif the binary texture in Experiment 3 is replaced by dynamic random noise of the sort used by Chubb et al. (1989) to measure contrastcontrast.For a contrastmodulateddynamicrandom noise surround,the time-averagedmean luminanceis equal for all points in the surround, therefore, the gain control model predicts a marked reduction in brightness induction, whereas the static non-linearity predicts an induction level equal to that measured by Experiment 3. Measurements made by observer BS were in agreement with the predictions of the gain control mechanism.
Contrast-contrasthas also been studied with spatially static noise patterns (Singer & D'Zmura, 1995; DeBonet & Zaidi, 1996) . If the test disk in Fig. 1 was filled with spatially static noise of the same grain as the surround, then modulationof the contrast of the surround as in Fig.  8 , would induce contrast modulation in the test. Our model incorporates point-by-point lateral interactions, and can be used to predict the brightness modulation induced into each element of the test. The model predicts that the brightness modulations induced into the lighter and darker elements of the test will be in opposite phase to the luminance modulations of the lighter and darker elements of the surround, respectively. Since the two luminance modulations are in opposite phase to one another, the induced modulationswill also be in opposite phase, and the contrast inside the test will be seen to modulate in opposite phase to the surround. For our observers, the predicted amplitude of induced contrastcontrast was somewhat less than the measured amounts, indicatingthat in static noise patterns, inducedbrightness and induced contrast both play a role. It is clearly preferable to use dynamic random noise when studying the properties of contrast-contrast.
The time-varying methodology used in these experiments has enabled us to separatelinear spatialsummation from other effects due to luminance adaptation mechanisms. However, there is an important limitation to this methodology:the model predicts both time-varying and steady-stateinduction,but we were able only to measure time-varying induced effects. To judge how well our model would predict perceived gray levels in a static display,we used the demonstrationshown in Fig. 13 .The demonstration consists of three vertical surround segments of random binary texture with equal spatially averaged luminance and with spatial contrast progressively decreasingfrom left to rightwith values of 1.0,0.3, and 0.0. Centered in each of the surroundsegments,there are five spatially uniform diamonds with luminance decreasingfrom the top to bottom. Diamondsacrosseach row have identical luminanceyet do not appear identical. Most observers see the diamonds as increasing in lightness from left to right in the top rows, and from right to left in the bottom rows. The relative rank of brightnessfor diamonds in each row can be predicted on the basis of the gain controls and linear summation embodied in this model. The inducedbrightnesscan then be added to the gain controlled physical luminance to generate a relative perceived gray level for each diamond. In the static case, our model predicts the perceived gray-level to be proportionalto: rc .c +1 (lo) where C is the luminancelevel of the test, rc is given by equation (7) and Z,which is constant for all t, is given by equation (6). Using the parameters estimated for observers JS and BS, we generated these predictions. The predicted rankings differed somewhat between observers, yet agreed almost perfectly with the actual rankings made by each observer (Zaidi et al., 1995) . The success of the present model shows that in complex non-figural achromatic configurations, the perceived gray levels can be predicted by incorporating the effects of local and spatially extended adaptation mechanisms,and linear summationof the induced effects of individual elements of the surround. Even in configurationsthat allow figural interpretations,this model can be used to predict the effect of the non-figuralgray-level variations. The effect of figural interpretationscan then be isolated as departures from these predictions and studied independently.
